Quantitative estimates of the gene complement of the last common ancestor of all extant organisms, that is, the cenancestor, may be hindered by ancient horizontal gene transfer events and polyphyletic gene losses, as well as by biases in genome databases and methodological artifacts. Nevertheless, most reports agree that the last common ancestor resembled extant prokaryotes. A significant number of the highly conserved genes are sequences involved in the synthesis, degradation, and binding of RNA, including transcription and translation. Although the gene complement of the cenancestor includes sequences that may have originated in different epochs, the extraordinary conservation of RNA-related sequences supports the hypothesis that the last common ancestor was an evolutionary outcome of the so-called RNA/protein world. The available evidence suggests that the cenancestor was not a hyperthermophile, but it is currently not possible to assess its ecological niche or its mode of energy acquisition and carbon sources. 
INTRODUCTION
"All the organic beings which have ever lived on this Earth," wrote Charles Darwin in the Origin of Species, "may be descended from some one primordial form." Everything in contemporary biology, including molecular cladistics and comparative genomics, has confirmed Darwin's extraordinary insight. As shown by the construction of a trifurcated, unrooted tree based on comparisons of 16S/18S rRNA sequences, all organisms can be grouped into one of three major monophyletic cell lineages, that is, the domains Bacteria, Archaea, and Eucarya (Woese et al. 1990 ). These are all derived from a common ancestral form, the last common ancestor (LCA). All organisms share the same genetic code, the same essential features of genome replication and gene expression, basic anabolic reactions, and membrane-associated ATPase-mediated energy production. Minor variations can easily be explained as the outcome of divergent processes from an ancestral life form that predated the separation of the three major biological domains.
It is unlikely that such traits were already present in the first living systems. The discovery of catalytically active RNA molecules has given considerable credibility to suggestions of an evolutionary stage prior to the development of proteins and DNA genomes during which early life forms based largely on ribozymes may have existed (Figure 1) . The difficulty involved with the prebiotic synthesis and accumulation of ribonucleotides and RNA molecules has led to the suggestion that the RNA world itself was the evolutionary outcome of some earlier primordial living systems, referred to as pre-RNA worlds ( Joyce 2002) . However, the chemical nature of the first genetic polymers and the catalytic agents that may have formed the hypothetical pre-RNA worlds can only be surmised and cannot be deduced from comparative genomics or deep phylogenetics. There is little or no geological evidence for the environmental conditions on early Earth at the time of the origin and early evolution of life. It is not possible to assign a precise chronology to the origin and earliest evolution of cells (Figure 1) , and identification of the oldest paleontological traces of life remains a contentious issue. The early Archean geological record is scarce and controversial, and most of the sediments preserved from such times have been metamorphosed to a considerable extent. Although the biological origin of the microstructures present in the 3.5 × 10 9 years Apex cherts of the Australian Warrawoona formation (Schopf 1993 ) has been disputed, currently the weight of evidence favors the idea that life existed 3.5 billion years ago (Altermann & Kazmierczak 2003) .
Although no paleontological remains exist for the LCA, insight into the nature of the Archean biosphere is possible. Isotopic fractionation data and other biomarkers support the possibility of a metabolically diverse Archean microbial biosphere, which may have included members of the archaeal kingdom. The proposed timing of the onset of microbial methanogenesis, based on the low 13 C values in methane inclusions found in hydrothermally precipitated quartz in the 3.5-billion-year-old Dresser Formation in Australia (Ueno et al. 2006) , has been challenged (Lollar & McCollom 2006) . However, sulfur isotope investigations of the same site indicate biological sulfate-reducing activity (Shen et al. 2001) , and analyses of 3.4 × 10 9 -million-yearold South African cherts suggest that they were inhabited by anaerobic photosynthetic prokaryotes in a marine environment (Tice & Lowe 2004) . These results support the idea that the early Archean Earth was teeming with prokaryotes, which included anoxygenic phototrophs, sulfate reducers, and, perhaps, methanogenic archaea (Canfield 2006) .
THE SEARCH FOR THE LAST COMMON ANCESTOR: WHAT'S IN A NAME?
Recognition of the significant differences that exist between the transcriptional and translational machineries of the Bacteria, Archaea, and Eucarya were assumed to be the result of independent evolutionary refinements. This led to the conclusion that the primary branches were the descendants of a progenote, a hypothetical biological entity in which phenotype and genotype still had an imprecise, rudimentary linkage relationship (Woese & Fox 1977) . However, the analysis of homologous traits found among some of its descendants suggested that it was not a direct, immediate descendant of the RNA world, a protocell, or any other prelife progenitor system, but that it was a complex organism, much like extant bacteria (Lazcano et al. 1992 ).
This conclusion has been disputed. The availability of an increasingly large number of completely sequenced cellular genomes has sparked new debates, rekindling the discussion on the nature of the ancestral entity. This is shown, for instance, in the diversity of names that have been coined to describe the LCA: progenote (Woese & Fox 1977) , cenancestor (Fitch & Upper 1987) , last universal common ancestor (LUCA) (Kyrpides et al. 1999) , or, later on, last universal cellular ancestor (Philippe & Forterre 1999) , universal ancestor (Doolittle 2000) , last common community, (Line 2002) , and most recent common ancestor (Zhaxybayeva & Gogarten 2004) HGT: horizontal gene transfer others. These terms are not truly synonymous, and they reflect the current controversies on the nature of the universal ancestor and the evolutionary processes that shaped it. From a cladistic viewpoint, the LCA is merely an inferred inventory of features shared among extant organisms, all of which are located at the tip of the branches of molecular phylogenies. Accordingly, it could be argued that the most parsimonious characterization of the cenancestor could be achieved by summarizing the features of the oldest recognizable nodes of universal cladograms. However, large-scale studies based on the availability of genomic data have revealed major discrepancies with the topology of rRNA trees (Doolittle 2000) . Very often these differences have been interpreted as evidence of horizontal gene transfer (HGT) events between different species, questioning the feasibility of the reconstruction and proper understanding of early biological history.
Reticulate phylogenies greatly complicate the inference of ancestral traits and can lead to overestimates of the LCA gene content. Recognition of HGT has also led to proposals suggesting that populations of precellular ancestral entities occupied, as a whole, the node located at the bottom of universal trees (Kandler 1994 , Koonin & Martin 2005 , including the suggestion that the LCA was not a single organismic entity but rather a highly diverse population of metabolically complementary, cellular progenotes endowed with multiple small, linear chromosome-like genomes that benefited from massive multidirectional horizontal transfer events (Woese 1998) .
Such entities may have existed, but universally distributed features such as the genetic code and the gene expression machinery are indications of their ultimate monophyletic origin. Even if such communal progenote ancestors diverged sharply into the three domains soon after the appearance of the code and the establishment of translation, the origin of the sequences ancestral to those found in extant organisms and the separation of the Bacteria, Archaea, and Eucarya are different events. In other words, the divergence of the primary domains took place later, perhaps even much later, than the appearance of the genetic components of their LCA.
Universal gene-based phylogenies ultimately reach a single ancestor, but the LCA must have been part of a population of entities similar to it that existed throughout the same period. Its siblings may have not survived, but some of their genes did if they became integrated via lateral transfer into the LCA genome (Zhaxybayeva & Gogarten 2004) . Accordingly, the cenancestor should be considered one of the last evolutionary outcomes of a tree trunk of unknown length, during which the history of a long, but not necessarily slow, series of ancestral events including lateral gene transfer, gene losses, and paralogous duplications probably played a significant role in the accretion of complex genomes (Castresana 2001 , Glansdorff 2000 , Lazcano et al. 1992 ).
AN EARLY EXPANSION OF GENE FAMILIES
The extraordinary similarities at very basic biochemical and genetic levels among all known life forms can be interpreted as propinquity of descent, that is, all organisms PDO: protein disulfide oxidoreductase are of monophyletic origin. The molecular details of these universal processes not only provide direct evidence of the monophyletic origin of all extant forms of life, but also imply that the sets of genes encoding the components of these complex traits were frozen a long time ago; that is, major changes in them are strongly selected against. Although these complex, multigenic traits must have evolved through a series of simpler states, no evolutionary intermediate stages or ancient simplified versions of ATP production, DNA replication, or ribosome-mediated protein synthesis have been discovered in extant organisms.
Protein sequence comparisons have confirmed the role that many ancient gene duplications have played in the evolution of genomes (Becerra & Lazcano 1998 ). Clues to the genetic organization and biochemical complexity of primitive entities from which the cenancestor evolved may be derived from the analysis of paralogous gene families. The number of sequences that have undergone such duplications prior to the divergence of the three lineages includes genes encoding for a variety of enzymes that participate in widely different processes such as translation, DNA replication, CO 2 fixation, nitrogen metabolism, and biosynthetic pathways. Whole-genome analysis has revealed the impressive expansion of sequences involved in membrane transport phenomena, such as ABC transporters, P-type ATPases, and ion-coupled permeases (Clayton et al. 1997) . Structural studies of proteins provide evidence of another group of paralogous duplications. A number of enzymes-including protein disulfide oxidoreductase (PDO) (Ren et al. 1998) , the large subunit of carbomoyl phosphate synthetase (Alcántara et al. 2000) , and HisA, a histidine biosynthetic isomerase (Alifano et al. 1996) -are formed by two tandem homologous modules. This indicates that the size and structure of a number of proteins are the evolutionary outcome of paralogous duplications followed by gene fusion events that took place prior to the divergence of the three primary kingdoms.
A third group of paralogous genes can be recognized. All cells are endowed with different sets formed by a relatively small number of paralogous sequences. The list includes, among others, the pair of homologous genes encoding the EF-Tu and EF-G elongation factors (Iwabe et al. 1989) . Another is formed by the duplicated sequences encoding the F-type ATPase hydrophilic alpha and beta subunits (Gogarten et al. 1989) . No cell is known that is endowed with only one EF factor or only one type of F-type ATPase hydrophilic subunit. However, the extraordinary conservation of these duplicates implies that the LCA was preceded by a simpler cell with a smaller genome in which only one copy of each of these genes existed, that is, by cells in which protein synthesis involved only one elongation factor and with ATPases with limited regulatory abilities.
Paralogous families of metabolic genes support the proposal that anabolic pathways were assembled by the recruitment of primitive enzymes that could react with a wide range of chemically related substrates, that is, the so-called patchwork assembly of biosynthetic routes ( Jensen 1976) . Such relatively slow, unspecific enzymes may have represented a mechanism by which primitive cells with small genomes could have overcome their limited coding abilities.
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GENOMICS AND THE TRACES OF THE RNA/PROTEIN WORLD
Studies of deep phylogenies (Brown et al. 2001 , Daubin et al. 2001 , Doolittle 2000 , Moreira & López-García 2006 and comparative genomics ( Table 1) can provide important insights into the gene complement of the LCA. However, if the term universal distribution is restricted to its most obvious sense, that is, that of traits found in all completely sequenced genomes, then quite surprisingly the resulting repertoire is formed by relatively few features and by incompletely represented biochemical processes ( Table 1) . Reconstructions of gene complements of distant ancestors are mere statistical approximations of the biological past because their accuracy depends upon manifold factors, including the possible biases in the construction of genome databases, the levels of HGT, the significant variations in substitution rates of different proteins, and the degree of secondary losses, as well as methodological caveats (Becerra et al. 1997 , Mirkin et al. 2003 .
As shown in Table 1 , the results of different attempts to characterize the LCA include gene sequences from incompletely represented basic biological processes, such as transcription, translation, energy metabolism, biosynthesis of nucleotides and amino acids, and folding of proteins, as well as some sequences related to replication, repair, and cellular transport. Despite the different methodological approaches, these inventories provide significant insights into (a) the biological complexity of the LCA, (b) evidence pertaining to the chemical nature of the cenancestral genome, and (c) the existence of an ancient RNA/protein world.
Although estimates may vary, many of the conserved domains correspond to proteins that interact directly with RNA (such as ribosomal proteins, DEAD-type helicases, aminoacyl tRNA synthetases, and elongation factors, among others) or take
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part in RNA and nucleotide biosyntheses, including the DNA-dependent RNA polymerase β and β subunits, dimethyladenosine transferase, adenyl-succinate lyases, dihydroorotate oxidase, and ribose-phosphate pyrophosphokinase, among many others (Anantharam et al. 2002 , Delaye & Lazcano 2000 , Delaye et al. 2005 . Together with the high conservation of ATP-dependent RNA helicases (see below), the presence of these sequences is consistent with the hypothesis that the cenancestor was an evolutionary outcome of the so-called RNA/protein world. ATP-dependent RNA helicases are highly conserved proteins that participate in a variety of cellular functions involving the unwinding and rearrangement of RNA molecules, including translation initiation, RNA splicing, ribosome assembly, and degradosome-mediated mRNA decay (Schmid & Linder 1992) . The degradosome is a multienzymatic complex involved in mRNA processing and breakdown that is formed by polynucleotide phosphorylase, polyphosphate kinase, ATP-dependent DEAD/Htype RNA helicase, and enolase, a glycolytic enzyme that catalyzes the conversion of 2-phosphoglycerate to phosphoenolpyruvate and water (Blum et al. 1997) .
Although RNA hydrolysis is an exergonic process, degradosome-mediated mRNA turnover plays a key role as a regulatory mechanism for gene expression in both prokaryotes and eukaryotes (Blum et al. 1997) . A possible explanation for the conservation of DEAD-type RNA helicases may lie in their role in protein biosynthesis and in mRNA degradation. If this interpretation is correct, then it could be argued that degradosome-mediated mRNA turnover is an ancient control mechanism at RNA level that was established prior to the divergence of the three primary kingdoms. Together with other lines of evidence, including the observation that the most highly conserved gene clusters in several (eu)bacterial genomes are regulated at RNA level (Siefert et al. 1997) , the results reported here are fully consistent with the hypothesis that during early stages of cell evolution, RNA molecules played a more conspicuous role in cellular processes, that is, the so-called RNA/protein world (Figure 1) .
THE NATURE OF THE CENANCESTRAL GENOME: DNA OR RNA?
Because all extant cells are endowed with DNA genomes, the most parsimonious conclusion is that this genetic polymer was already present in the cenancestral population. Although it is possible to recognize the evolutionary relatedness of various orthologous proteins involved with DNA replication and repair (ATP-dependent clamp loader proteins, topoisomerases, gyrases, and 5 -3 exonucleases) across the entire phylogenetic spectrum (Edgell & Doolittle 1997 , Harris et al. 2003 , Leipe et al. 1999 , Olsen & Woese 1997 , Penny & Poole 1999 , comparative proteome analysis has shown that (eu)bacterial replicative polymerases and primases lack homologs in the two other primary kingdoms.
The peculiar distribution of the DNA replication machinery has led to suggestions not only of an LCA endowed with an RNA genome, but also of the polyphyletic origins of DNA and of many enzymes associated with its replication (Koonin & Martin 2005 , Leipe et al. 1999 in which viruses may have played a central role (Forterre 2006) . Koonin & Martin (2005) have argued that the LCA was an acellular entity endowed with high numbers of RNA viral-like molecules that had originated abiotically within the cavities of a hydrothermal mound. This idea, which has little, if any, empirical support, does not take into account the problems involved with the abiotic synthesis and accumulation of ribonucleotides and polyribonucleotides, nor does it explain the emergence of functional RNA molecules.
Forterre (2006) also argued that the ultimate origins of cellular DNA genomes lie in viral systems, which gave rise to polyphyletic deoxyribonucleotide biosyntheses. According to a rather complex hypothetical scheme, gene transfers mediated by viral takeovers took place three times, giving origin to the DNA genomes of the three primary kingdoms. The invasion of the ancestor of the bacterial domain by a DNA virus eventually led to a replacement of its cellular RNA genes by DNA sequences, whereas the archaeal and eucaryal DNA replication enzymes resulted from an invasion by closely related DNA viruses (Forterre 2006) .
We find it difficult to accept these different schemes. There are indeed manifold indications that RNA genomes existed during early stages of cellular evolution (Lazcano et al. 1988b ), but, as argued below, it is likely that double-stranded DNA genomes had become firmly established prior to the divergence of the three primary domains. The major arguments supporting this possibility follow:
1. In sharp contrast to other energetically favorable biochemical reactions (such as phosphodiester backbone hydrolysis or the transfer of amino groups), the direct removal of the oxygen from the 2 -C ribonucleotide pentose ring to form the corresponding deoxy-equivalents is a thermodynamically much-less-favored reaction that considerably reduces the likelihood of multiple, independent origins of biological ribonucleotide reduction. 2. Demonstration of the monophyletic origin of ribonucleotide reductases is greatly complicated by their highly divergent primary sequences and the different mechanisms by which they generate the substrate 3 -radical species required for the removal of the 2 -OH group. However, sequence analysis and biochemical characterization of archaeal ribonucleotide reductases have shown their similarities with their bacterial and eucaryal counterparts, confirming their ultimate monophyletic origin (Stubbe et al. 2001 ). 3. Sequence similarities shared by many ancient, large proteins found in all three domains suggest that considerable fidelity existed in the operative genetic system of their common ancestor. Despite claims to the contrary (Poole & Logan 2005) , such fidelity is unlikely to be found in RNA-based genetic systems (Lazcano et al. 1992 , Reanney 1987 ) that do not replicate using the multiunit cellular DNA-dependent RNA polymerase.
THE DNA POLYMERASE I PALM DOMAIN: A MOLECULAR PENTIMENTO
Enzyme evolution often involves the acquisition of new catalytic or binding properties by an existing protein scaffold. The structural homology of functional domains of DNA and RNA helicases (Caruthers et al. 2000 , Theis et al. 1999 suggests that DNA helicases evolved from a nonspecific helicase inherited from the RNA/protein world.
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However, this model of enzyme evolution cannot account for the diversity of extant polymerases. Although it has been argued that all polymerases have a monophyletic origin (Lazcano et al. 1988a) , the available evidence suggests that this is not the case, as shown by the identification of several nonhomologous classes of polymerases: primases, DNA polymerases, DNA-dependent RNA polymerases, replicases, and poly(A) polymerase, among others (Steitz 1999) . Detailed analysis of the three-dimensional structures of the DNA pol I, DNA pol II, pol Y, reverse transcriptases, and several viral replicases has shown that they all share homologous palm subdomains, which catalyze the formation of the phosphodiester bond (Steitz 1999) . Homologous palm subdomains have also been identified in the viral T7 DNA and RNA polymerases ( Jeruzalmi & Steitz 1998) , indicating that they can catalyze the template-dependent polymerization of either ribo-or deoxyribonucleotides.
These observations are consistent with the hypothesis that the conserved palm subdomain, which is formed by approximately 150 amino acids, is one of the oldest recognizable components of an ancestral cellular polymerase that may have been both a replicase and a transcriptase during the RNA/protein world stage (Delaye et al. 2001) . This hypothesis, which Koonin (2006) incorporated into his proposal on the evolution of viral and cellular polymerases, is supported by the presence of homologs of this domain in adenylate cyclase, the eukaryotic RNA recognition protein, pseudouridine synthetase, and several ribosomal proteins .
If our hypothesis is correct, the lack of absolute template and substrate specificity of polymerases (Chaput et al. 2003 , Lazcano et al. 1988a suggests that relatively few mutations would have been required for the evolution of this RNA replicase into a DNA polymerase prior to the divergence of the three domains. If the palm domain was part of the ancestral replicase during the RNA/protein world stage, then the presence of the Escherichia coli replicative DNA pol III (DNA pol C) and its homologs can be explained by a nonorthologous displacement (Delaye et al. 2001) . By analogy with the yeast and animal mitochondrial RNA polymerases, which play a dual role in transcription and in the initial priming required for DNA replication (Schinkel & Tabak 1989) , we propose that the original RNA polymerase endowed with the palm domain described above catalyzed the formation of the RNA primer required for DNA replication. This ancestral polymerase may have also acted as a transcriptase during the RNA/protein stage, but the distribution of the highly conserved sequences of the oligomeric DNA-dependent RNA polymerase (Table 1) indicates that prior to the evolutionary divergence of the three primary kingdoms, a modern type of transcription had evolved. How this complex oligomeric transcriptase came into being can only be surmised for the time being.
WAS THE LAST COMMON ANCESTOR AN EXTREMOPHILE?
The discovery of a number of archaeal and bacterial species that thrive under extreme environmental conditions including high temperature and low pH values has led to suggestions that extremophiles may be considered models of primordial organisms (Di Giulio 2001 . Additionally, the discovery has led to speculation that their 370 Becerra et al.
lifestyles may provide insights into extraterrestrial habitats where life could develop (Cleaves & Chalmers 2004) . With the exception of heat-loving prokaryotes, however, the phylogenetic distribution of other extremophiles in molecular cladograms does not provide clues of possible antiquity. Within the Bacteria, the earliest branching organisms are represented by Aquificales and Thermotogales, whereas among the Archaea, the deepest and shortest branches, that is, the slowest-evolving clades, correspond to the Nanoarchaeota, Pyrodictiacea, and Methanopyraceae (Stetter 2006) . The position and length of the branches of these thermophiles and hyperthermophiles in rRNA trees support the idea that the LCA was a thermophile (Di Giulio 2001 , Stetter 2006 .
However, the recognition that the deepest branches in rooted rRNA universal phylogenies are occupied by hyperthermophiles does not provide by itself conclusive proof of a heat-loving LCA. The hypothesis for a thermophilic LCA is further weakened by evidence that calls into question the early branching of Thermotoga and Aquifex, two bacterial thermophilic species (Daubin et al. 2001 , Forterre et al. 1993 , Gogarten & Townsend 2005 , Klenk et al. 1994 . A nonhyperthermophilic LCA is also supported by the analysis of optimal growth temperatures in prokaryotes correlated with the G+C nucleotide content of 40 rRNA sequences. This has led Galtier et al. (1999) to conclude that the universal ancestor was a mesophile, although alternative opinions exist (Di Giulio 2001) .
The possibility that the LCA was not a heat-loving entity is further supported by recent phylogenetic studies of the above-mentioned PDO sequences. These enzymes are involved in dithiol-disulfide exchange reactions (Pedone et al. 2004 , Ren et al. 1998 , and computational analysis of genomic data suggests that they play a major role in the formation and/or stabilization of intracellular protein disulfide bonds in disulfide-rich thermophiles (Ladenstein & Ren 2006) . The available evidence suggests that the paralogous duplication that led to PDOs, which are formed by two homologous domains, first took place in the crenarcheaota and spread from them into the Bacteria by HGT via the euryarchaeota (Becerra et al. 2007) , confirming previous suggestions that the bacterial PDOs have an archaeal origin (Pedone et al. 2004) . This is consistent with the hypothesis that significant gene exchanges took place between archaea and thermophilic bacteria (Forterre et al. 2000 , Makarova & Koonin 2003 .
CENANCESTRAL METABOLISM AND MEMBRANES: TWO OPEN ISSUES
The number of highly conserved metabolic genes is surprisingly small ( Table 1) . The inventory includes many sugar-metabolism-related sequences, such as enolase, thioredoxin (trxB), phosphoribosyl-pyrophosphate synthase (prs), and UDP-galactose 4-epimerase (galE). Very likely, the evolutionary conservation of the trxB and prsA genes is best understood in terms of the key roles they play in nucleotide biosynthesis. The role of UDP-galactose 4-epimerase in complex carbohydrate synthesis via the interconversion of the galactosyl and glucosyl groups is well known. Although the uniqueness of the enzyme mechanism has been acknowledged, it is possible that
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the conservation of UDP-galactose 4-epimerase is due to an unknown participation in other basic processes, as is the case for enolase. The conclusion that the LCA was a prokaryote-like organism similar to extant bacteria does not say much about its mode of energy acquisition and carbon sources. The patchy distribution of metabolic genes hinders our understanding of the sources of carbon, nitrogen, and energy for the LCA and its immediate predecessors (Moreira & López-García 2006) , and for now it is difficult to assess the cenancestral metabolism. However, if multiple copies of every major gene family are assumed to have been present in the LCA genome (Glansdorff 2000) , then the observed complex distribution patterns of bioenergetic and biosynthetic genes can be explained as the outcome of polyphyletic gene losses as the cenancestor descendants adapted to a wide variety of environments under different selection pressures (Castresana 2001) .
It has been argued that the LCA was an acellular entity (Koga et al. 1998 , Koonin & Martin 2005 . However, the high conservation and wide phylogenetic distribution of membrane-bound proteins and multiunit enzymes such as the ATPase hydrophilic subunits (Gogarten et al. 1989) , signal recognition particles (Gribaldo & Cammarano 1998) , and ABC transporters (Delaye et al. 2005) are consistent with the idea that the cenancestor was a membrane-bounded cell, which may have been endowed with heterochiral lipids composed of a mixture of glycerol-1-phosphate and glycerol-3-phosphate (Peretó et al. 2004 , Wächstershäuser 2003 .
The conservation of membrane-bound proton pump ATPase subunits (Table 1 ) suggests that the cenancestor produced a chemically driven protein gradient across its cell membrane using a variety of oxidized inorganic molecules as molecular acceptors (Castresana & Moreira 1999) . The conservation of ABC transporters, P-type ATPases, and ion-coupled permeases is an indication of the high conservation of membrane transport phenomena throughout evolution (Clayton et al. 1997) . The conservation of ABC transporters (Table 1) involved in the import of metabolic substrates is also consistent with the possibility of a heterotrophic LCA that depended upon external sources of organic compounds.
CONCLUSIONS AND OUTLOOK
Regardless of the qualitative and quantitative differences in the methodological approaches used to identify the gene complement of the cenancestor, the inventories shown in Table 1 indicate an overlap that reflects an impressive level of conservation for a significant number of sequences involved in basic biological processes. Current descriptions of the LCA are limited by the scant information available: It is hard to understand in full the evolutionary forces that acted upon our distant ancestors, whose environments and detailed biological characteristics are forever beyond our ken. By definition, the node located at the bottom of a cladogram is the root of a phylogenetic tree and corresponds to the common ancestor of the group under study. But names may be misleading. What we have been calling the root of the universal tree is in fact the tip of its trunk: Inventories of LCA genes include sequences that originated in different precenancestral epochs. For instance, a number of highly conserved ribosomal proteins may have originated during the RNA/protein world 
Figure 2
Evolutionary events that may have preceded the last common ancestor and the divergence of the three major cell lineages.
stage, whereas thymidine kinase and thioredoxin reductase, which are involved in deoxyribonucleotide biosynthesis, evolved at a later stage. Although we favor a bacterial-like cenancestor, for now it is difficult to assess the sources of energy and carbon used by the LCA or the environmental conditions in which it thrived. Biological evolution prior to the divergence of the three domains was not a continuous, unbroken chain of progressive transformation steadily proceeding toward the LCA (Figure 2) . RNA-binding domains (Delaye & Lazcano 2000) and invariant sequences that exhibit a surprising degree of conservation, such as GHVDHGKT, DTPGHVDF, and GAGKSTL (Goto et al. 2002) , are among the oldest recognizable motifs found in extant databases and may provide insights onto the nature of the evolutionary processes that shaped ribosome-mediated protein biosynthesis. difficult to see how the applicability of molecular cladistics and comparative genomics can be extended beyond a threshold that corresponds to a period of cellular evolution in which protein biosynthesis was already in operation. Many details of the processes that led to the beginnings of life are shrouded in mystery and may remain so, but current developments in comparative genomics suggest that important insights on very early stages of biological evolution can be achieved, even if the possible intermediates that may have once existed have long since vanished.
SUMMARY POINTS
1. Theoretical estimates of the gene content of the LCA's genome suggest that it was not a progenote or a protocell, but an entity similar to extant prokaryotes.
2. The presence of a core of highly conserved RNA-related sequences supports the hypothesis that the LCA was preceded by earlier entities in which RNA molecules played a more conspicuous role in cellular processes and in which ribosome-mediated protein synthesis had already evolved.
3. Whole-genome analysis has revealed high levels of sequence redundancy, which demonstrates the significance of paralogous duplications in shaping the size and complexity of cell genomes. This redundancy suggests that during early stages of biological evolution, anabolic pathways and other biological processes were catalyzed by less-specific enzymes that could react with a wide range of chemically related substrates.
4. The chemistry of ribonucleotide reduction, combined with sequence analysis, supports the hypothesis of a monophyletic origin of DNA that took place prior to the evolutionary divergence of the three main cell domains. The available evidence suggests that the bacterial DNA polymerase I palm domain, and its homologs, is a descendant of a component of an ancestral RNA-dependent RNA polymerase that may have played dual roles as a replicase and a transcriptase during the RNA/protein stage.
5. The availability of genomic data has revealed major discrepancies with the topology of rRNA trees. This has led researchers to question the early branching of Thermotoga and Aquifex, two bacterial thermophilic species. These conclusions suggest not only that heat-loving bacteria may have been recipients of archaeal hyperthermophilic traits, but also that the LCA was not an extremophile. 3. Understanding of the evolution of central metabolic pathways is hampered by the unexplained absence of one or more biosynthetic genes in the genomes of manifold free-living prokaryotes that have been sequenced.
FUTURE ISSUES
4. The development of models of the carbon sources and energy acquisition mechanisms of the LCA and its immediate predecessors should be addressed.
5. It is important to assess the oldest paleontological evidence for the domain Archaea.
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